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GABAergic control of micturition within the
periaqueductal grey matter of the male rat
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Non-technical summary Even when the bladder is full, emptying can be deferred voluntarily
until individuals find themselves in a socially appropriate environment. This indicates that the
brain is important in the control of bladder function. This study used drugs that either mimic
or block the effects of the neurotransmitter chemicals involved in communication between
nerve cells to investigate the brain nerve circuits that govern the control of the bladder. A
small region in the midbrain was shown to be critical for normal bladder emptying to occur.
Normally the excitability of the nerve circuits in this region was controlled by the action of
an inhibitory neurotransmitter chemical called GABA. However, if GABA’s effect was removed,
bladder emptying became abnormally frequent. These results advance our understanding of the
normal control of bladder function, and have implications for the development of new treatments
for some forms of incontinence.

Abstract In urethane-anaesthetised rats continuous infusion of saline into the bladder (6 ml h−1)
evoked periodic sharp rises in intravesicular pressure accompanied by rhythmic bursting of
external urethral sphincter (EUS) EMG and expulsion of urine from the urethral meatus. Micro-
injection of the GABA agonist muscimol (250 pmol) into the caudal ventrolateral periaqueductal
grey (PAG), but not at other sites in the PAG, either depressed reflex voiding frequency (−60%,
n = 7) and tonic EUS EMG activity (−38%, n = 6) or completely inhibited voiding (four sites).
Microinjection of the GABA antagonist bicuculline (BIC; 1 nmol) into the same region, to reduce
ongoing GABA tone, increased reflex voiding frequency (+467%, n = 16) and tonic activity in
the EUS (+56%, n = 7) whilst bursting activity in the EUS became desynchronised. Although
muscimol failed to change reflex micturition when microinjected into the dorsal caudal PAG,
microinjection of BIC at these sites evoked pronounced autonomic arousal and increased reflex
voiding frequency (+237%, n = 34). The results demonstrate that the functional integrity of
synapses in the caudal ventrolateral PAG is essential to permit micturition. Transmission through
the region is normally regulated by a tonic GABAergic inhibitory influence. In contrast, the
functional integrity of the dorsal caudal PAG is not essential for reflex micturition. However,
micturition may be initiated from this region via projections to the caudal ventrolateral PAG, as
part of the behavioural response to psychological threat or other stressful stimuli.
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Introduction

In most socialised animals micturition is a reflex event
that is under inhibitory control from the brain. Even
when the bladder is full, voiding can be suppressed
until the individual finds itself in a safe and socially
acceptable environment. This implies that under normal
circumstances, activity in the micturition reflex pathway
is tonically inhibited. The micturition reflex pathway
includes a supraspinal loop that relays in the midbrain.
As the bladder fills, activity from stretch afferents in the
bladder wall is relayed via the sacral cord to the peri-
aqueductal grey matter (PAG). To complete the reflex
loop, neurones in the PAG then project to the pontine
micturition centre (PMC, also known as Barrington’s
nucleus), which in turn sends projections directly to
preganglionic parasympathetic neurones in the sacral cord
that regulate the activity of motor neurones innervating
the detrusor and urethral sphincter muscles (Holstege,
2005, 2010; Fowler et al. 2008; Drake et al. 2010 for
reviews). In some species, but not the rat, more laterally
in the pons lies the pontine storage centre or ‘L-region’.
Electrical stimulation of this region induces contraction
of the external urethral sphincter (EUS) and relaxation of
the bladder (Holstege et al. 1986). Anatomical connections
between this region, the PMC and the PAG have yet to be
demonstrated (Blok & Holstege, 1999).

Recent evidence points to the PAG as a site where the
level of ongoing GABAergic tone may be important in
determining whether micturition can occur. The PAG
contains a dense population of GABAergic interneurones
(Reichling & Basbaum, 1990; Lovick & Paul, 1999; Griffiths
& Lovick, 2005), which exert a tonic inhibitory influence
on output neurones (Behbehani et al. 1990; Ogawa et al.
1994; Brack & Lovick, 2007). Studies in conscious animals
have shown that aspects of several behavioural responses
controlled by the PAG such as defensive behaviour, flight,
anti-nociception and tonic immobility are subject to
ongoing inhibitory GABAergic control (Bandler et al.
1985; Carrive et al. 1986; Monassi et al. 1999; Morgan &
Clayton, 2005). Furthermore, recent studies in conscious
rats indicate that the act of voiding is associated with a
decrease in the concentration of extracellular GABA in
the PAG (Kitta et al. 2008) suggesting that in between
voids, transmission in the micturition reflex pathway may
normally be inhibited by ongoing GABAergic activity.
However, the role of GABAergic systems in the PAG
in the control of micturition has yet to be investigated
systematically.

In the present study we examined the effect on
micturition of manipulating the level of GABAergic
inhibition in the PAG. Experiments were carried out to
determine (a) the location of synaptic relays within the
PAG that are essential components of the micturition
reflex pathway, and (b) whether transmission through
these regions is normally suppressed by a tonic GABAergic

influence. Part of this work has been published in abstract
form (Stone et al. 2009).

Methods

Ethical approval

These experiments were approved by the Joint Ethics and
Research Governance Committee of The University of
Birmingham and were carried out in accordance with the
Animals (Scientific Procedures) Act 1986. All efforts were
made to reduce the number of animals used and to mini-
mise the risk of any suffering.

Experiments were performed on 79 urethane-
anaesthetised (1.5 g kg−1 I.P.) spontaneously breathing
male Sprague–Dawley rats (Charles River, Kent, UK)
197–410 g body weight. In all rats blood pressure was
monitored in a femoral artery and a cannula in a femoral
vein was used for infusion of fluids. The trachea was
cannulated and attached to a spirometer to monitor
tracheal airflow. Rectal temperature was maintained at
37 ± 1◦C by a thermostatically controlled heating blanket.
The animal was mounted prone in a stereotaxic frame
with the head in the attitude described by Paxinos &
Watson (1986). The lower body was twisted to allow access
to the abdomen. The bladder was exposed via a mid-
line laparotomy and the dome pierced by a 23G stainless
steel needle connected via polythene tubing to a T-piece.
One arm was used for infusion of saline (6 ml h−1) (Van
Asselt et al. 1995; Matsuura et al. 1998, 2000; Kitta et al.
2008) into the bladder and the other was connected to a
pressure transducer to monitor intravesicular pressure.
A drop counter was positioned to record the passage
of drops of urine as they fell from the penis. Two 26G
stainless steel needles, insulated except for the tips, were
inserted bilaterally into the external urethral sphincter
muscle (EUS) proximal to the symphysis pubis, to record
EMG activity. A recovery period of 30 min was allowed
following surgery before infusion of saline into the bladder
was started.

A dorsal craniotomy was made to expose the mid-
brain and the dura was reflected. A stainless steel cannula
(500 μm diameter), connected to a 1 μl microsyringe
was inserted into the midbrain, inclined at an angle of
10 deg facing caudally. The cannula was filled with either
5 × 10−3 M muscimol, 2 × 10−2 M bicuculline methiodide
(BIC, both from Sigma, Dorset, UK) or saline. Drug
and saline solutions were injected in 50 nl volumes.
Doses were based on those published in the literature
and used in preliminary experiments. Between 1 and
6 microinjections (usually 2–4) were made in any one
rat. To aid histological localisation of injection sites, a
few milligrams of pontamine sky blue dye were added
to the solutions of muscimol and saline (pH 7.4), whilst
solutions of BIC contained 0.2% yellow-green fluorescent
microbeads (FluoSphere, Invitrogen Molecular Probes,
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Eugene, OR, USA). Recordings of physiological variables
were captured using a PowerLab data acquisition system
(ADInstruments) running Chart V4.2.3 software.

Two experimental protocols were employed. In most
experiments saline was infused continuously into the
bladder. Once stable cycles of filling and voiding had been
established (typically after 1–3 h), the effect on bladder
pressure and EUS activity of microinjection of GABAergic
drugs or saline into the PAG was tested. In order to
determine whether the changes in EUS activity seen after
injection of drugs into the PAG represented a primary
response or were secondary to changes in intravesicular
pressure, a further six experiments were carried out in
which the bladder was first emptied by withdrawing the
contents via the infusion cannula. The effects of micro-
injecting BIC into the PAG on EUS activity with the
bladder empty and in response to stepped increases in
bladder volume were then tested.

At the end of each experiment the animal was killed
with an overdose of anaesthetic and the brain removed
and fixed in 10% formol saline. To visualise blue dye
marks serial frozen coronal sections 60 μm thick were
cut and stained with Neutral Red. For visualisation of
the fluorescent microbeads, alternate unstained sections
were examined in a fluorescence microscope exciting at
450–500 nm and detecting at 475–700 nm, whilst the
remaining sections were stained with Neutral Red to
identify brain structures. The locations of injection sites
were reconstructed from dye marks and cannula tracks
present in the 60 μm thick histological sections. Sub-
sequently the centre of each microinjection site was plotted
onto the closest representative section of the PAG at levels
P-5.6, P-6.2, P-8.0 and P-8.8, with reference to the atlas of
Paxinos & Watson (1986).

The significance of differences following treatments was
assessed using Student’s paired t test with significance level
set at P < 0.05. All values are represented as mean ± SEM.
A bladder ‘contraction’ was defined as a change in the
intravesicular pressure of more than 7 mmHg. For analysis
of the frequency of contractions, voiding and non-voiding
contractions were grouped together. The raw EMG signal
from the EUS taken over a 25 s period in between bladder
contractions was rectified and the area under the curve
calculated by summing the activity in individual bins.
Mean values for arterial blood pressure, heart rate and
respiratory rate over 1 min in the pre-drug control period
were compared to the maximum values reached in the
post-drug period.

Results

Response to infusion of saline into the bladder

When saline was infused continuously into the bladder
(6 ml h−1), intravesicular pressure began to rise. As

the infusion continued repeated phasic increases in
bladder pressure developed, each one accompanied by
the expulsion of several drops of urine from the
penis (Fig. 1). During each contraction, bladder pressure
rose steeply from threshold to a peak (mean change
17.59 ± 0.62 mmHg, range 6.43–30.69 mmHg) before
returning to baseline within 14–124 s. In 25 rats that
had recording electrodes in the EUS, a low level of tonic
EMG activity, which was eliminated after the animal had
been killed, could be detected during the filling phase.
As the bladder pressure rose sharply prior to voiding,
EMG activity increased markedly, changing from a tonic
activity to a bursting pattern (Fig. 1). In between bursts of
EMG activity spurts of urine could be seen exiting the
penis. The rhythmic bursting of the EUS activity was
reflected as small phasic changes in vesicular pressure
(Fig. 1). Rhythmic contractile activity remained stable
over periods up to 7 h without any significant change
in residual pressure. There was a considerable degree
of individual variation in parameters of voiding, e.g.
threshold, maximum pressure, duration of contraction
and frequency. With the exception of frequency, the mean
values were the same in all treatment groups. In terms of
frequency of voiding, the range was similar in all treatment
groups (0.13–1.65, 0.31–1.88 and 0.59–1.08 contractions
min−1 for muscimol, bicuculline and saline groups,
respectively), the mean value was significantly lower in
the bicuculline group compared to the muscimol group
(0.65 ± 0.04 (n = 65) vs. 0.83 ± 0.04 (n = 61) but there
was no difference between either bicuculline or muscimol
and the saline control group (0.80 ± 0.04 (n = 19))
(one-way ANOVA between the groups with Bonferroni
post hoc test (P = 0.007)). Despite these variations in base-
line voiding frequency, the effects of GABA agonists and
antagonists were independent of voiding frequency (see
below). A wide weight range of animals was used in the
present study. However, there was no significant difference
between the mean weight of different treatment groups
nor was there any difference in the responsiveness between
the lightest and the heaviest rats.

Effect of microinjection of a GABAA agonist into the
PAG on reflex contractions of the bladder

Muscimol (250 pmol in 50 nl) was injected at 61
sites along the entire rostrocaudal axis of the PAG
on either side of the midline (Fig. 3A). At the
majority of sites (82.25%) there was less than a 5%
change in the mean frequency, threshold, maximum
pressure or duration of reflex bladder contractions
(0.79 ± 0.04 to 0.79 ± 0.04 contractions min−1, P = 0.79
(n = 50), 13.09 ± 0.46 to 13.23 ± 0.39 mmHg, P = 0.70,
30.52 ± 0.66 to 30.18 ± 0.61 mmHg, P = 0.27 and
24.92 ± 1.47 to 27.24 ± 1.46 s, P = 0.20, respectively)
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or the other cardiovascular, respiratory and auto-
nomic variables monitored. However, after injection
of muscimol into a restricted area within the caudal
ventrolateral PAG (filled circles, Fig. 3A), the micturition
response was disrupted. As there was no difference
in the response evoked from right- or left-hand
side injections, the data have been pooled. At seven
different sites, microinjection of muscimol produced
a reduction in the frequency of reflex contractions
(Fig. 2A) (0.93 ± 0.1 to 0.37 ± 0.1 min−1; P < 0.005),
with recovery to control values after 43.4 ± 23.4 min
(range 3.3–198.5 min), without affecting the amplitude

of contraction (16.60 ± 1.98 to 18.79 ± 1.72 mmHg). At
a further four sites, muscimol completely suppressed
rhythmic bladder contractions and voiding (Fig. 2B). As
the infusion of saline into the bladder continued intra-
vesicular pressure rose gradually. Eventually a state of
overflow incontinence developed and urine dripped from
the penis in a regular manner (Fig. 2B). The animals
remained in this state of retention for in excess of 1 h, when
the experiment was terminated. Activity in the EUS was
measured in 6 of the 11 experiments in which muscimol
had inhibitory effects on bladder contractions. Tonic
activity was reduced from 0.29 ± 0.06 to 0.18 ± 0.05 μV s

Figure 1. Effect of continuous infusion of saline (6 ml h−1) into the bladder of anaesthetised rats
Lower trace, response evoked by continuous infusion of saline into the bladder (6 ml h−1). Each phasic increase in
intravesicular pressure was accompanied by a burst of activity in the EUS and expulsion of urine from the penis.
Upper trace, expanded trace shows bursting pattern of activity in the EUS and expulsion of several drops of urine
in quick succession. Oscillation in the bladder pressure corresponds with bursting activity in the EUS.
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(P = 0.03), but the pattern of bursting activity remained
unchanged. There was no effect on cardio-respiratory
or autonomic variables recorded following injections of
muscimol at any of the sites tested (data not shown).

Sites at which the micturition reflex was completely
inhibited by microinjection of muscimol were inter-
mingled with the sites at which a transient response was
seen. Thus the most effective sites were not the most caudal
ones, closest to the PMC.

Microinjection of 50 nl of saline at sites throughout the
PAG in a third group of rats (Fig. 3B) had no effect on
micturition or on any of the cardiorespiratory and other
autonomic variables measured (Table 1).

Effect of microinjection of a GABAA antagonist on
reflex contractions of the bladder

The inhibitory effect of muscimol injected into the
caudal ventrolateral PAG suggested that relays in the
micturition reflex pathway are present in this region.
To determine whether the synaptic relays are normally
under tonic GABAergic control, microinjections of the
GABAA antagonist bicuculline (BIC, 1 nmol in 50 nl)
were targeted at the region where muscimol had been
effective. Microinjection of BIC at sites in the caudal
ventrolateral PAG (cvlatPAG) shown by black filled circles
in Fig. 5 enhanced reflex micturition. At most sites

(16/26) this effect was characterised by an increase in
the frequency of reflex voiding contractions combined
with the appearance of low amplitude non-voiding
contractions, so that the overall rate increased from
0.61 ± 0.06 min−1 to 3.46 ± 0.47 min−1 (P < 0.0001) but
the amplitude of contraction was unchanged (18.96 ± 1.19
to 14.47 ± 2.28). This effect lasted for 21.4 ± 5.5 min.
Tonic activity in the EUS also increased in response to BIC,
from 0.25 ± 0.05 to 0.39 ± 0.06 μV s, P = 0.02 (n = 7),
but the synchronised bursts of activity normally present
during phasic increases in bladder pressure were disrupted
(Fig. 4Ai).

At a further 10 sites, reflex micturition ceased after
injection of BIC. In six cases the frequency of contra-
ctions showed an initial small non-significant increase
(0.74 ± 0.16 to 1.68 ± 0.35 contractions min−1, P > 0.05)
in the first 9.39 ± 2.24 min post injection, before ceasing
completely. At the remaining four sites, micturition was
suppressed immediately after injection of BIC. At all 10
sites, once bladder contractions had ceased, intravesicular
pressure rose as the infusion of saline continued, before
urine started to leak from the penis. In contrast to the
regular pattern of drops seen when animals went into
retention after microinjection of muscimol in the same
region of the PAG, urine drops were produced in an
irregular pattern. In addition, small oscillations became
apparent on the pressure trace, suggesting that the detrusor

Figure 2. Effect of microinjection of muscimol
(250 pmol in 50 nl) into the PAG on phasic voiding
evoked during continuous infusion of saline into
the bladder (6 ml h−1)
A, at most effective sites (n = 7) muscimol produced a
reduction in the frequency of voiding accompanied by a
decrease in the level of tonic activity in the EUS
(asterisk). B, at 4 sites micturition was suppressed
completely. As infusion of saline continued,
intravesicular pressure rose and urine began to leak
from the penis.
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Table 1. Effects of microinjection of saline (50 nl) throughout the PAG

Pre-saline Post-saline P (paired
microinjection microinjection t test)

Frequency of contraction (contractions min−1) 0.80 ± 0.04 0.77 ± 0.04 0.275
MABP (mmHg) 76.78 ± 3.89 84.20 ± 5.1 0.265
Heart rate (beats min−1) 487.95 ± 19.66 499.48 ± 19.67 0.683
Respiratory rate (breaths min−1) 156.22 ± 12.3 181.34 ± 15.62 0.223

Data for changes in cystometric (frequency of contractions of the bladder), cardiovascular (MABP
and heart rate) and respiratory parameters recorded before and after microinjection of saline
into the PAG. MABP, mean arterial blood pressure. Data are represented as mean ± SEM, and
P values were calculated using Student’s paired t test. n = 19.

might be in a state of active contraction (Fig. 4B). At
the same time sustained activity was maintained in the
EUS (Fig. 4B). In four experiments injections of BIC
were made into the right cvlatPAG; these also facilitated
micturition. However, injections made lateral or ventral
to the cvlatPAG on either side or into the adjacent dorsal
raphe nucleus, were without effect on reflex micturition
(Fig. 5).

In order to determine whether the increase in activity
in the EUS was a direct response to disinhibiting
GABAergic tone in the cvlatPAG or secondary to raised
bladder pressure evoked by the microinjection of BIC,
experiments were performed on six rats in which the
effect of BIC on EMG activity of the EUS was recorded
after stepped increases in bladder pressure produced by

infusing increasing volumes of saline into the bladder.
In the absence of BIC, increasing bladder volume
incrementally elicited a pressure-related increase in EMG
activity (Fig. 6A). When the bladder was empty micro-
injection of BIC at four sites in the cvlatPAG produced a
139.44 ± 36.87% increase (range 40.1–277.7%) in the level
of tonic activity recorded in the EUS, accompanied by a
modest increase in bladder pressure (8.70 ± 2.64 mmHg)
(Fig. 6B). In addition, the pressure–response relationship
evoked by stepped increases in bladder volume was shifted
upwards (Fig. 6A). Interestingly, at a further seven sites
(open circles in Fig. 6C), where bicuculline failed to
change resting EUS EMG activity, the response to stepped
increases in bladder volume was not changed (data not
shown).

Figure 3. Location of sites where muscimol or
saline was microinjected into the PAG plotted onto
outlines of the PAG taken from the atlas of
Paxinos & Watson (1986)
A, Black filled circles represent the centre of sites where
microinjection of muscimol inhibited micturition. Grey
filled circles are sites where microinjection evoked a
decrease in the frequency of contractions. Open circles
are sites where muscimol had no effect. Note that
because the sites are plotted onto representative
sections at 0.8 mm intervals, some points in close
vicinity appear to overlap even though none were less
than 200 μm apart and some lay up to 800 μm apart in
the rostrocaudal axis. B, open triangles: sites where
saline was microinjected into the PAG. Numbers
indicate distance (in mm) caudal to Bregma.
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In addition to its effect on micturition, micro-
injection of BIC into the cvlatPAG produced modest
cardiovascular and respiratory changes (Fig. 7A). There
was a comparatively small, transient (27.5 ± 2.9 min)
pressor response (32.7 ± 4.9 mmHg), tachycardia
(59.9 ± 9.6 beats min−1) and hyperpnoea (respiratory rate
increased from 153.7 ± 4.3 to 278.5 ± 16.2 breaths min−1)
often accompanied by pupillodilatation. We were
concerned that this pattern of cardiorespiratory change
was contradictory to that reported by others following
activation of cells in the caudal ventrolateral PAG
(Snowball et al. 1997) and when using the same
anaesthetic as used in the present study (Lovick, 1992;
Wang & Lovick, 1993). To determine whether the
preparative surgery could be influencing responsiveness
of the midbrain, in four experiments we microinjected
BIC into the cvlatPAG before performing the laparotomy
to expose and cannulate the bladder. In these rats
microinjection of BIC prior to abdominal surgery
produced a transient depressor response (mean arterial
blood pressure depressed by 22.1 ± 5.9 mmHg for
17.9 ± 13.2 min). The bladder was then prepared for
cystometry and the microinjection was repeated at the
same site whilst infusing saline into the bladder. The
second injection of BIC facilitated the bladder contra-
ctions, as described above, but the depressor response
seen after the first microinjection was absent and replaced
instead by a rise in blood pressure (27.0 ± 12.2 mmHg)
(data not shown).

At the beginning of the study some injections were made
into the dorsal half of the caudal PAG in the region where
muscimol was without effect. These produced striking
facilitatory effects, which we judged worthy of further
investigation. Bicuculline was therefore microinjected at
34 sites into the dorsal half of the caudal PAG and found
to potentiate reflex micturition (Fig. 5). At 21 sites the
frequency of reflex voiding contractions increased and
small amplitude, phasic changes in intravesicular pressure,
which were not associated with voiding, also appeared.
Thus the overall frequency increased from 0.73 ± 0.05
to 2.46 ± 0.39 contractions min−1 (P = 0.0001). The level
of tonic activity present in the EUS in the inter-
vals between phasic bladder contractions also increased
markedly (from 0.14 ± 0.02 to 0.47 ± 0.04 μV s (n = 14)
P ≤ 0.0001) and the synchronous bursting pattern of
activity that had been present during the phasic increases
in bladder pressure became disrupted. At the further
13 sites, after an initial increase in frequency, the
rhythmic high amplitude voiding contractions ceased
and bladder pressure remained high, accompanied by
sustained contraction of the EUS. Tonic activity increased
from 0.11 ± 0.02 to 0.73 ± 0.23 μV s (n = 3) although
the difference failed to reach significance (P = 0.12). As
the infusion of saline continued the bladder appeared to
go into a state of overflow incontinence whereby urine

continually leaked from the penis. In these cases no
recovery was seen even 2 h after the injection, when the
experiment was terminated.

In addition to its effect on bladder activity, application
of BIC at dorsal sites in the caudal PAG produced
pronounced autonomic changes. There was a marked
pressor response (57.17 ± 5.58 mmHg), tachycardia
(122.6 ± 15.4 beats min−1) and tachypnoea (respiratory
rate increased by 152.34 ± 15.74 breaths min−1) (Fig. 7B)
accompanied by pronounced pupillary dilatation,
exophthalmos and twitching of the vibrissae and hind-
limb muscles. The latency to onset of these effects was
similar to the effects evoked by injection of bicuculline
into the ventral half of the PAG suggesting that they were
separate events and not simply due to diffusion of the
antagonist from dorsal to ventral sites (Table 2). Micro-
injection of bicuculline into the right-hand side of dorsal
regions of the caudal PAG (n = 9) produced responses that
were similar to those evoked by left-sided injections.

The dorsal half of the caudal PAG was extremely
sensitive to bicuculline. On 23 occasions insertion of
the cannula alone (i.e. no injection made) evoked
changes in both bladder and cardiovascular/respiratory
system. These variables returned to baseline values within
31.8 ± 11.3 min once the cannula was withdrawn (Fig. 7B)
and presumably reflect an effect produced by passive
diffusion of bicuculline from the tip of the cannula.

Discussion

In the present study continuous infusion of saline into
the bladder elicited cyclical increases in bladder pressure
associated with the expulsion of fluid from the urethral
meatus. During the filling phase whilst bladder pressure
rose slowly, a low level of tonic activity was present in the
EUS. As the bladder started to contract and intravesicular
pressure rose more steeply, the level of tonic activity
in the EUS showed a sharp increase before adopting a
bursting pattern during the voiding phase at the peak of
the contraction. Our data, together with similar findings
by Peng et al. (2006, 2008) and discussion by de Groat
(1990) indicate that a form of ‘guarding’ is present in
the rat (de Groat & Steers, 1990). However, in the rat,
unlike humans, a marked increase in tonic activity in
the EUS accompanies the contraction of the detrusor. It
is possible that this could facilitate voiding by initially
producing an isovolumetric contraction, thus increasing
the intravesicular pressure so that urine flows through
the urethra with a greater velocity when activity in the
EUS is silenced. The bursting activity which followed
‘guarding’ corresponded with the appearance of intra-
luminal pressure high frequency oscillations (IPHFOs) as
described by others. It has been suggested that the bursting
activity in the EUS seen in rats, also increases the velocity
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of flow in the urethra to allow spurting of urine for scent
marking (Maggi et al. 1986; Conte et al. 1991; Kruse et al.
1993; Van Asselt et al. 1995; Matsuura et al. 1998, 2000;
Chang & Havton, 2008; Peng et al. 2008).

Microinjection of a GABA agonist into the caudal
ventrolateral region of the PAG, but not at other sites in
the PAG, produced a significant decrease in the frequency
of reflex bladder contractions, accompanied by reduced
level of tonic activity in the EUS. At some sites despite the
microinjection of muscimol being unilateral, micturition
was suppressed completely. As the PAG projects bilaterally
to the PMC (Taniguchi et al. 2002), it is possible that the
inhibitory effects of microinjecting muscimol into one side
of the cvlatPAG were sufficient to inhibit the PMC on the
ipsilateral and contralateral sides. The failure of muscimol
to act at rostral and dorsal sites was unlikely to be due
to ineffective dosing as in preliminary experiments (not
shown) double and triple doses (0.5 nmol in 100 nl and
0.75 nmol in 150 nl) were without effect.

On the map, active and inactive sites where muscimol
was injected sometimes appeared to be intermingled
(Figs 3 and 5). However, since the location of the centre of
microinjection sites was collapsed on outline drawings of
representative coronal sections at approximately 0.8 mm
intervals, effective and ineffective microinjection sites
plotted on the same level may actually have been up to
800 μm apart along the rostrocaudal axis of the brain. One
injection that suppressed micturition totally was centred
just lateral to the anatomically defined border of the PAG.
However, this region is almost certainly within the reaches
of the receptors on the dendrites of cells involved in trans-
mission through the micturition reflex pathway at the level
of the PAG.

Furthermore, it is also unlikely that microinjections of
muscimol or bicuculline into the cvlatPAG imposed their
effect directly on the PMC, despite their relatively close
anatomical proximity, because dyes co-injected with the
drugs never spread as far caudally as the PMC.

Although microinjection of muscimol into the cvlatPAG
reduced or completely inhibited the frequency of reflex
voiding contractions, there was no significant effect on
the amplitude of the contraction, or other parameters
such as the threshold and duration. This suggests that
GABAergic influence in the region simply gates the
pathway in an ‘on/off’ fashion, rather than contributing
to the coordination of the void, which may be integrated
downstream in the PMC. These findings are in accord with

previous reports of suppression of micturition following
microinjection of aμopioid agonist or CoCl2 into a similar
region within the PAG in rats (Matsuura et al. 1998, 2000;
Matsumoto et al. 2004).

Interestingly, a recent study by Takasaki et al. (2010)
in cats showed that micturition-related isovolumetric
bladder contractions persisted after a transection through
the caudal midbrain. However, their Fig. 2A clearly shows
that the caudal PAG at the level where it opens into the
fourth ventricle, was still intact. Importantly, following a
lesion that extended into this region but spared part of the
PMC (Fig. 2B of Takasaki), micturition-related contra-
ctions of the bladder were significantly reduced but not
abolished totally. The authors of the study interpreted this
to mean that the PAG was not involved in micturition in
the cat. However, in our opinion, the data shown indicate
that the transection spared the caudalmost tip of the PAG
(see Fig. 2A in Takasaki et al. 2010). This suggests to us that
there is a component of the response that is integrated
via the PAG, in accord with the report of only sparse
projections from the lumbosacral cord to the PMC in the
cat (Blok et al. 1995). Our evidence shows that in contrast

Figure 5. Location of sites where bicuculline was
microinjected into the periaqeductal grey (PAG), plotted onto
outlines of the PAG taken from the atlas of Paxinos & Watson
(1986)
Filled circles: centres of sites where microinjection of bicuculline
facilitated micturition accompanied by only moderate autonomic
changes. Grey circles: sites where microinjection of bicuculline
produced intense autonomic activation accompanied by facilitation
of micturition. Open circles: sites where microinjection of bicuculline
had no effect. Because the points are plotted onto representative
sections, some points in close vicinity appear to overlap although
none were less than 200 μm apart and some lay up to 800 μm apart
in the rostrocaudal axis. Numbers indicate distance (in mm) caudal to
Bregma.

Figure 4. Effect of bicuculline (1 nmol in 50 nl) microinjected into the caudal ventrolateral PAG on
micturition evoked in response to continuous infusion of saline into the bladder
A, at most sites (n = 16) microinjection of bicuculline produced an increased frequency of voiding and increased
activity in the EUS. Inset (Ai) shows the development of desynchronised activity in both detrusor and sphincter
muscles (compare Fig. 1). B, at 10 sites micturition ceased after microinjection of bicuculline. Despite an increased
level of activity in the EUS, overflow incontinence developed as the infusion of saline into the bladder continued.
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Figure 6. Effect of microinjection of bicuculline into the caudal
ventrolateral PAG on response of the external urethral
sphincter to stepped infusion of saline into the bladder
A, effect of microinjection of bicuculline (BIC) into the caudal
ventrolateral PAG on response of external urethral sphincter (EUS) to
stepped infusion of saline into the bladder before (open triangles)
and after (filled circles) the microinjection. Note that due to the
necessity of limiting the experiment to within the period that BIC
was active after microinjection, it was not possible to test the
response to the complete range of stepped increases in bladder
volume in all experiments. ∗P < 0.05 compared to control for the
same increase in bladder volume (Mann–Whitney U test). B, example
of EUS EMG activity and increase in bladder pressure evoked after
microinjection of BIC into the cvlatPAG in a rat in which the bladder
had been previously emptied. C, location of injection sites in the
caudal PAG where microinjection of BIC increased responses to

to Takasaki’s interpretation in the cat, micturition (voiding
in response to filling of the bladder) in the rat clearly
requires participation of the caudal PAG.

Although the caudal ventrolateral PAG clearly contains
a critical midbrain relay in the micturition reflex pathway,
previous electrophysiological studies in the cat have
reported that afferent information from the bladder relays
through two areas within the PAG: the rostral dorso-
lateral as well as the caudal ventrolateral region (Duong
et al. 1999). In the rat too, ascending pathways from the
bladder and from the lumbosacral cord, where bladder
afferents terminate, have been shown to terminate in both
caudal ventrolateral and lateral/dorsolateral areas (Ding
et al. 1997; Marson, 1997; Mitsui et al. 2003) although
our data suggest that only the caudal relay is essential to
perform reflex voiding in response to bladder filling.

It is likely that in the rat the cvlatPAG exerts tonic
GABAergic inhibition via the PMC. This conclusion
accords with the lack of evidence suggesting the
presence of a pontine storage centre in the rat like that
identified in cat and man (Holstege et al. 1986; Blok
et al. 1997). Furthermore it is supported by there being
strong bilateral connections between the PAG and the
PMC (Taniguchi et al. 2002). Interestingly, in rodents
there is a direct projection from the sacral cord to the
PMC (Ding et al. 1997). If this projection is activated
during bladder distension it could short-circuit the PAG.
However, because transmission through the cvlatPAG is
essential for micturition to occur this pathway does not
appear to be functionally active, at least under urethane
anaesthesia.

After microinjection of the GABAA antagonist
bicuculline into the caudal ventrolateral PAG the
frequency of reflexly evoked micturition was enhanced.
Similarly to the responses seen after microinjection of
muscimol, there was no overall change in amplitude
of contractions following microinjection of BIC into
the cvlatPAG, again suggesting that modulating the
GABAergic tone does not affect the profile of a contraction,
but it determines whether a void can or cannot take
place. There was, however, a significant increase in
the post-contraction pressure, suggesting that either the
bladder was tonically contracting during the ‘filling
period’ or that the post-void residual volume had
increased as a result of less successful voids. This indicates
that the excitability of synaptic relays in this region
is normally subject to a tonic inhibitory GABAergic

stepped increases in bladder pressure (filled circles) and sites where
microinjection of BIC had no effect (open circles). Because the points
are plotted onto representative sections, some points in close vicinity
appear to overlap although none were less than 200 μm apart and
some lay up to 800 μm apart in the rostrocaudal axis.
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influence. Modulating the level of GABA tone in this
region could be used to gate transmission through the
reflex pathway to permit bladder emptying. The source
of inhibitory tone has not been established. However,
a number of factors suggest that it could originate in
frontal cortical regions. In rats and primates the pre-
frontal cortex sends a dense projection to the ventro-
lateral PAG (An et al. 1998; Floyd et al. 2000). In man, the
medial prefrontal cortex is recognised for its involvement
in decision making in a social context, based on the social
situation (Adolphs, 1999). Recent evidence indicates that
this influence may extend to control of bladder function.
Based on meta-analyses of imaging studies in human sub-
jects, Griffiths and co-workers have proposed that during
bladder filling afferent information on bladder status is
relayed via the PAG to the anterior cingulate cortex and
then via the insula, to the lateral and medial prefrontal
cortices (Fowler et al. 2008; Griffiths & Tadic, 2008; Fowler
& Griffiths, 2010). They propose that during the storage
phase, the voiding reflex remains continuously suppressed
due to activity in an inhibitory pathway to the PAG. When

Table 2. Latency to onset of cardiovascular/respiratory response
evoked by microinjection of bicuculline into the caudal ventro-
lateral (cvlat) and dorsal periaqueductal grey (PAG)

Latency to Latency to P value
onset onset dorsal (unpaired

cvlatPAG (min) PAG (min) t test)

Pressor response 2.68 ± 0.61 3.74 ± 0.69 0.25
Tachycardia 2.98 ± 0.63 3.84 ± 0.64 0.34
Tachypnoea 3.87 ± 0.88 3.84 ± 0.59 0.98

Data representing the latency to onset of the cardiovascular
changes following microinjection of bicuculline into the cvlat
(n = 26) and dorsal (n = 34) regions of the PAG. Data are
represented as mean ± SEM, and P values were calculated using
Student’s unpaired t test.

the voluntary decision to void is made in the medial
prefrontal cortex, the inhibition is relaxed. In support
of these ideas recent imaging studies using multilevel
path modelling approaches have been able to show that

Figure 7. Cardiorespiratory changes evoked by microinjection of bicuculline into the periaqueductal
grey (PAG)
A, ventral, and B, dorsal half of the caudal PAG. Abbreviations: BP, blood pressure; HR, heart rate; BPM: beats
min−1; TA, tracheal airflow; Arb.U, arbitrary units; RR, respiratory rate; Br.PM, breaths min−1.
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social evaluative threat (SET) can influence functional
connections between the frontal cortical regions, the PAG
and autonomic output whereby mental appraisals are
translated into adaptive physiological responses (Wager
et al. 2009). In the context of micturition, SET might be
experienced as the potential humiliating consequences of
failure to maintain continence in a given social situation.
In the urethane-anaesthetised preparation reported here
it is likely that activity in the frontal cortices has been
dampened. However, some activity in the motor cortex
and higher centres may be preserved, even under urethane
anaesthesia (Tai et al. 2009). These sites could be the
source of descending signals to the PAG, which gate
GABAergic control of the micturition reflex at the level
of the cvlatPAG.

Unexpectedly the effects of BIC on blood pressure were
reversed upon infusion of saline into the bladder. This
reversal could have been due to sympathetic redistribution
of blood flow during bladder stretch leading to an
increase in blood pressure, which masked any depressor
response caused by a decrease in GABAergic inhibition in
the cvlatPAG during micturition. This pressor response
during bladder stretch has been demonstrated in man as
well as in cats and dogs (Guttmann & Whitteridge, 1947;
Cunningham et al. 1953; Mukherjee, 1957; Weaver, 1985;
Ward et al. 1995).

Whilst the cvlatPAG is clearly an essential component
of the micturition reflex pathway, the role of the dorsal
half of the PAG in the control of micturition is less clear.
The failure of muscimol to influence reflex micturition
indicates that the functional integrity of this region is
not a prerequisite for voiding to occur. However, the
neurones are clearly able to influence the micturition
process, since microinjection of bicuculline into the
dorsal PAG enhanced reflex micturition. Interestingly,
previous studies have reported that electrical stimulation
in the dorsal PAG elicited micturition in conscious rats
(Bittencourt et al. 2004). The initiation of micturition
when the bladder is not necessarily full suggests that in
some circumstances, voiding may be an active process
rather than a reflex response to a full bladder. In many
animal species including rodents, volitional micturition,
which is unrelated to the need to empty a full bladder,
occurs in the form of scent marking to define territory.
The pattern of marking is significantly affected by social
status and by stressful encounters (Desjardins et al. 1973;
Wood et al. 2009). In conscious animals the dorsal half
of the PAG initiates defensive or aggressive behaviour,
which is accompanied by autonomic activation and
micturition (Schenberg et al. 2005). Such behaviour is
believed to reflect an active coping strategy characterised
by engagement with the environment (Keay & Bandler,
2001). To initiate this form of limited bladder voiding,
the efferent limb of the micturition reflex pathway must
be directly activated at PAG level, or even further down-

stream. Indeed, in the present study we were able to
evoke contractile activity by stimulating the cvlatPAG
when the bladder was empty. The intrinsic connections
between dorsal and ventral regions of the PAG (Jansen
et al. 1998) would appear to be strategically located to
initiate volitional micturition under defined behavioural
circumstances.

In summary, the present study has shown that the
functional integrity of synapses in a discrete area within the
caudal ventrolateral PAG is a prerequisite to enable reflex
voiding in response to a full bladder. Transmission through
this region is normally depressed by ongoing activity
in GABAergic neurones. Changes in the level of GABA
tone may be the mechanism by which micturition can
be suppressed or permitted according to the individual’s
social situation. In contrast, the dorsal half of the PAG is
not involved in reflex voiding, but can initiate micturition
when the tonic GABAergic tone that is normally present
in this region, is withdrawn. This active micturition is
always accompanied by pronounced autonomic arousal
suggesting that under certain conditions, such as defensive
behaviour, micturition can become an active event rather
than a reflex response.
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